In this paper, attributes of chalcogenide glass (ChG) based integrated devices are discussed in detail, including origins of optical loss and processing steps used to reduce their contributions to optical component performance. Specifically, efforts to reduce loss and tailor optical characteristics of planar devices utilizing solution-based glass processing and thermal reflow techniques are presented and their results quantified. Post-fabrication trimming techniques based on the intrinsic photosensitivity of the chalcogenide glass are exploited to compensate for fabrication imperfections of ring resonators. Process parameters and implications on enhancement of device fabrication flexibility are presented. 
Introduction
Chalcogenide glasses (ChGs) are well-known for their high infrared transparency and amenability to fabrication in fiber and thin film forms which makes them attractive candidates for mid-IR optical chemical sensors. However, they are also well-known for a variety of properties which can complicate the utility of these materials in traditional applications, including low thermal stability, low chemical durability and photosensitivity, as compared to oxide materials. Traditional fabrication techniques such as thermal evaporation and photolithography have been shown to be viable for large-scale production of planar optical devices, but can suffer from drawbacks, such as poor compositional fidelity and high post-fabrication surface roughness which can lead to increased optical loss. Such attributes can adversely affect the detection limit and sensitivity of the final sensor system.
In this paper we will present several methods for using these material properties in order to overcome such challenges in the fabrication of planar optical resonator systems, and their application as sensors. The low glass transition temperature (T g ) has been utilized in applying thermal reflow techniques to reduce optical loss. The solubility of these glasses in alkaline environments has been harnessed to create spin-on cladding layers with excellent compositional fidelity for optical loss reduction. Such processing flexibility opens-up novel fabrication techniques, including capillary force lithography that allows the creation of waveguide and grating structures in a single step. The intrinsic photosensitivity of the ChG materials has been utilized to fine-tune the effective refractive index of ChG waveguides, and thereby the resonant wavelength of micro-ring resonators. By using such trimming techniques, a local post-fabrication "repair" of photonic devices has been demonstrated. This process flexibility reduces component cost and enhances device performance, otherwise not possible. Discussed in this paper are the details of such capabilities and how these "traditionally" considered material limitations can be used to the advantage of device designers and fabricators creating novel functional components from ChGs.
Material engineering for low-loss photonic device processing

Optical loss reduction: the key to highly sensitive chem-bio detection
Optical loss reduction has been a recurring theme and device performance necessity for the systems used for sensing mechanisms currently under investigation including, Refractometry Sensing (RS) of surface molecular binding, as well as Cavity-Enhanced Absorption Spectroscopy (CEAS) and Micro-Cavity Photo-Thermal Spectroscopy (MC-PTS) for infrared molecular absorption detection. Phenomenologically, low optical loss suggests a long, resonantly-enhanced optical path length in the resonant cavity device, which in turns creates strong photon-molecular interaction. Such enhanced interaction manifests itself as high cavity quality factors (Q-factor) and leads to high detection sensitivity. Quantitative analysis into the former two sensing mechanisms (RS and CEAS) has revealed that low overall optical loss (~0.1 dB/cm) is the key to high detection sensitivity up to a point where temperature fluctuation noise starts to take over [1, 2] . In contrast, sensor optimization theory for MC-PTS suggests that the major sensor performance limitation originates from material absorption loss rather than scattering loss [3] . The intrinsic immunity of MC-PTS to scattering loss presents an important competitive advantage over CEAS, as scattering loss has been demonstrated to be the dominant loss mechanism in current High-Index-Contrast (HIC) chalcogenide glass photonic devices [4] . It has been shown that relative sensitivity enhancement of a factor of 10 4 over CEAS is possible in MC-PTS [3] .
Understanding optical loss in HIC chalcogenide glass photonic waveguides
There are typically three main optical loss mechanisms in high-index-contrast waveguides: material attenuation, surface/sidewall roughness scattering, and radiative loss. Depending on its origin, material attenuation in chalcogenide glass can be categorized into intrinsic and extrinsic loss, where the former includes electronic absorption by band tail or mid-gap states (with nonlinear absorption neglected at low power), Rayleigh scattering caused by statistical density fluctuations, and phonon (bond vibrational) absorption. In the infrared wavebands of interest to spectroscopic sensing, Rayleigh scattering is negligible, given that the wavelength is much larger than the length scale of density fluctuation. Phonon absorption occurs at specific wavebands corresponding to the characteristic bond vibration frequencies. Such absorption bands in the ChG compositions are studied using Fourier Transform InfraRed (FTIR) spectroscopy [5] , and can be carefully tailored and/or avoided via compositional engineering. For example, by alloying with constituents containing heavy atoms, the photon absorption peaks can be red shifted [6] . This approach has also been demonstrated by other authors to effectively extend the long-wave IR transmission bands [7] . Hence, the major material loss contributors are electronic absorption and extrinsic loss due to impurity absorption. Mid-gap state absorption does play a key role in the photosensitivity process of As 2 S 3 chalcogenide glass at 1550 nm telecommunication wavelength [8] . It is expected, however, that mid-gap state density in glasses at these wavelengths may be controlled to yield low optical loss through selective addition of certain chemical modifiers, reducing the length of the Urbach tail. The validity of this approach has been verified by a number of groups [9, 10] , although detailed mechanistic studies are required to completely clarify the underlying physics of such chemical modification. Alternately, the composition may be modified in order to increase the optical band gap; however, this will also potentially influence thermal properties, and the photo-response of the glass, the impact of which must also be considered. Fig. 1 . Oxygen, carbon and hydrogen impurity concentrations in bulk Ge 23 Sb 7 S 70 glass and thin films thermally evaporated from the same batch of bulk glass.
As for extrinsic loss, while impurity-induced optical loss has been relatively well examined in chalcogenide optical fibers [11] [12] [13] , studies into impurities and associate optical loss in planar chalcogenide glass thin films have to date, been scarce. Towards this end, preliminary studies have been performed to ascertain the impact of thin film processing on impurity incorporation. Figure 1 shows oxygen, carbon and hydrogen impurity concentrations in bulk Ge 23 Sb 7 S 70 glass and thin films deposited from the same batch of bulk glass, measured using Secondary Ion Mass Spectroscopy (SIMS). The bulk glass has been synthesized using the traditional melt-quenching techniques and no subsequent purification has been performed. The films have been thermally evaporated onto silicon wafers and are ~500 nm in thickness [14] . The SIMS analysis reveals that the impurity concentrations remain almost constant along the thickness of the film indicating the absence of surface segregation effects. Further, it is evident that while carbon and hydrogen concentrations remain identical between films and bulk, oxygen concentration in thin films are increased by almost 7-fold as compared to bulk, suggesting that residual oxygen in the high-vacuum (3 × 10 7 Torr) chamber has been incorporated into the film during deposition. Carbon and hydrogen have been shown to be successfully removed via purification of elemental starting materials [15, 16] . Similar trends have been observed in As 2 S 3 chalcogenide glass bulk and films. The increase of oxygen impurity concentration in thin films may have a significant impact on planar photonic device loss: it is expected that the optical loss in the O-H absorption band (centered around 2.9 µm) is correspondingly increased compared to the loss in bulk, a factor to be taken into account when designing sensor devices operating at these wavelengths. The fact that little new C and H impurities are introduced into the films also suggest a practical method for thin film optical loss reduction in the respective absorption bands simply by starting with purified glass materials for deposition.
Roughness scattering arising from imperfections on device surfaces is particularly severe in HIC waveguiding systems, since the scattering loss scales with refractive index difference [17] . In particular, most scattering loss is associated with scattering from sidewall roughness, as the top surface of devices are usually formed during an additive deposition process and generally feature small RMS roughness. In contrast, plasma etch patterning is conventionally employed for planar device fabrication; consequently, the sidewalls are formed during a subtractive etching process, which can lead to excessive roughness and hence increased optical loss [18] .
Radiative loss refers to optical loss due to coupling into radiative or substrate modes caused by waveguide bending or quantum tunneling through a finite cladding thickness.
Radiative loss is suppressed in our devices simply by proper device geometry design. The experimentally measured waveguide loss values usually represent the arithmetic sum of all these loss sources, and thus special techniques need to be employed to identify the individual contributions from each of these mechanisms [18] [19] [20] [21] [22] . In HIC strip waveguides made of GeSb-S glass, shallow rib waveguides have been used to measure the intrinsic material loss, as shallow rib waveguides are known to be less sensitive to sidewall roughness scattering [20] . Very low optical loss, down to 0.5 dB/cm at 1550 nm wavelength, is measured in the shallow rib waveguides made of Ge-Sb-S chalcogenide glass. In comparison, single-mode strip waveguides (750 nm wide and 400 nm high) made of the same glass composition have propagation loss numbers of (3.9 ± 0.4) dB/cm for the TM polarization and (6.4 ± 0.8) dB/cm for the TE polarization [4] . The much higher optical loss in the strip waveguides is attributed to scattering due to sidewall roughness. Atomic Force Microscopy (AFM) measurements also confirm the presence of significant sidewall roughness (RMS amplitude ~10 nm) on these asfabricated waveguides, which is consistent with the loss figures measured. This study concludes that sidewall roughness scattering accounts for > 80% of optical loss in these submicron strip waveguides where the optical mode is tightly-confined. Similar trends, showing the increased impact of sidewall roughness on optical loss in small cross-section chalcogenide glass waveguides has been discovered and discussed by other researchers as well [23, 24] , which further validates the major contribution of roughness scattering to optical loss in highindex-contrast chalcogenide glass waveguides. This conclusion, therefore, highlights the critical importance of roughness scattering loss reduction. Two techniques for reducing the scattering loss mechanism, thermal reflow and a novel solution-based spin-on over layer coating method, will be discussed in the following sections.
Roughness scattering loss suppression in chalcogenide glass waveguides via thermal reflow
Viscosity in glassy materials often exhibits thermally activated behavior which may be phenomenologically described by a modified Arrhenius equation [25] . The strong dependence of viscosity on temperature leads to a dramatic reduction of the glass viscosity when the glassy materials are heated to temperatures well above their glass transition temperatures (T g ). At such temperatures, the action of surface tension leads to smoothing of roughness and thus the reduction of scattering loss due to sidewall roughness. As is shown in Fig. 2 , surface tension on an undulated surface leads to high positive internal pressure in the crest and negative pressure in the trough. Such a pressure gradient creates viscous flow which accounts for the roughness reduction. This process forms the cornerstone of the thermal reflow technique. Thermal reflow has already been employed to reduce optical loss in silica glass photonic devices [26, 27] . Applying thermal reflow to chalcogenide glasses presents several key competitive advantages over their silica counterparts: 1) the much higher refractive index of chalcogenides dictates a more significant loss reduction effect; 2) the low T g and hence low softening temperature of chalcogenides suggest that the reflow process can be conducted at much lower temperature compared to silica, which facilitates process integration with other on-chip electronic and photonic devices; and 3) chalcogenide glasses span a vast thermal property space by composition alloying, which enables selective reflow of certain layers/patterns in complex structures (e.g. selective reflow of the waveguide core while maintaining the cladding structure intact). However, a recurring question needs to be addressed before the technique can be also successfully applied to chalcogenide glasses: does the heat treatment process (thermal reflow) induce excessive crystallization or composition segregation or volatilization (and associated optical scattering at grain boundaries or precipitates) which defeat the purpose of loss reduction? To better understand the crystallization behavior, a direct analogy is drawn between the thermal reflow process and the optical fiber drawing process, as both processes involve heat treatment of a glass melt at temperatures well above T g . A thermal reflow kinetic theory has been developed [28] and shows that assuming the reflow process is performed within the fiber drawing viscosity window (10 3 to 10 6 Pa·s) [14] , the time it takes to reduce the roughness with a characteristic wavelength of 1 μm is approximately 10 3 to 0.1 s. Thus the time scale for thermal reflow is much shorter than the dwelling time of a fiber pre-form in the fiber drawing furnace. Since state-of-the-art chalcogenide glass fibers can achieve very low optical loss (< 1 dB/m) near the 1550 nm wavelength [29] , this indicates that the potential precipitation of crystallites leading to optical scattering loss can be suppressed in the fiber drawing thermal process. Thus this analogy suggests that it is possible to achieve low loss chalcogenide waveguides via thermal reflow without compromising the glass material quality, given the short reflow time required and hence low crystallization tendency. However, it is worth pointing out that this analogy has neglected surface-induced crystallization effects: in thin films, the tendency to crystallize can be enhanced by the presence of a large surface-to-volume ratio [30] , which can only be experimentally measured and empirically corrected as the surface crystallization rate is very difficult to model. Experimental characterization has been performed on post-reflow-treatment planar As 2 S 3 films and waveguide devices. This glass composition was selected for its superior stability against crystallization compared to the Ge-Sb-S glass system [31] . No distinctive crystallization peaks are identified on the X-Ray Diffraction (XRD) spectra for reflowed films. Given the resolution of the XRD instruments used in this experiment, one may conclude that the crystalline precipitates in the reflow films are either very small in size (< 10 nm) or that they only occupy a small volume fraction (< 10%) in the glass matrix. The impact of such nanoscale crystalline precipitates on optical waveguide loss may then be semiquantitatively modeled using the Rayleigh scattering theory. Taking the limiting case of 10 nm size crystallites occupying 10% volume fraction, the theory predicts a crystallite scattering loss upper limit of 0.7 dB/cm. Experimentally, optical loss reduction from ~7 dB/cm to ~3 dB/cm has been achieved for TE polarized light at the 1550 nm wavelength [28] ; therefore, the crystallite scattering is not a major limiting factor for loss reduction in the current devices. Consequently, radiative loss has been identified to be the main loss contributor, which is attributed to the partial evaporation of As 2 S 3 glass during reflow (Fig. 3) . Future work thus involves starting with as-fabricated waveguides of larger crosssectional area to compensate for the partial evaporation effect and/or compositional modification based on detailed mass spectroscopy studies which can highlight optimal thermal stability of candidate glasses. The measurements are currently in progress.
Solution processing as an alternate fabrication route
Waveguide over-cladding for low-temperature roughness reduction
Reduction of waveguide surface roughness can result in significant improvements in optical loss. It is also known that while the As-S glass system is relatively stable to surface crystallization during heat treatment above its T g , some glass systems, such as Ge-Sb-S are less suitable for such processing routes [31] . It is therefore desirable to investigate alternate processing routes for obtaining low roughness surfaces at lower temperatures. It has been demonstrated that the Ge-Sb-S and As-S glass systems are soluble in basic organic solvents (amines) and are amenable to solution processing. Moreover, spin-coated films derived from these solutions were found to reach their maximum refractive index and density through sub-T g heat treatments, making this method promising for loss reduction in glass systems with low thermal stability. To this end, a well-known solution casting method has been investigated for a novel deposition approach for thin chalcogenide layers over lithographically defined resonator systems.
Waveguides and resonators of the glass composition Ge 21 Sb 11 S 68 with 400 nm thickness were formed by thermal evaporation and lift-off lithography. Over-cladding layers were then deposited over these structures by spin-coating; the solution consisted of ground bulk glass which was first dissolved in propylamine for 48 hours at a concentration of 25 mg/ml. The optimized spin-coating conditions have been previously published [32] , and the spin speed was chosen to give a coating thickness of 100 or 200 nm (spun at 9000 and 6000 rpm respectively). Films were heat treated under vacuum (~1 Torr) at varying temperatures from 120 to 180 °C for one hour. Figure 4 displays SEM micrographs of waveguides before and after solution cladding. It is clear that the waveguide has become thicker and wider after coating, and the profile has changed, becoming more rounded and with sloping sidewalls, as compared to the vertical sidewalls of the as-fabricated waveguide. This increased size is expected to alter the mode profile of the guide, but may be compensated for in the design of the uncoated structures. The low contrast visible in the image between the core and cladding suggest good agreement in composition, and indeed the composition of the coating was found to match that of the parent bulk glass to within ± 2 atomic percent, using energy dispersive X-Ray spectroscopy. XRD data confirms that the coating is amorphous. In order to examine the effect of coating on surface roughness, atomic force microscopy (AFM) was performed on coated and uncoated guides. Figure 5 demonstrates single line scans along the sidewalls of the guides. The reduction in roughness is clear from the AFM results. The large number of peaks and valleys up to 50 nm in height in the uncoated waveguide have been reduced to only a few ~5 nm valleys after coating. These remaining valleys were later found to correspond to small pores in the surface of the spin-coated layer. Average RMS sidewall roughness was found to decrease from 19 ( ± 1) to 1.4 ( ± 0.1) nm due to application of the cladding layer.
Finally, the optical loss of the coated and uncoated samples at a wavelength of 1550 nm was examined. Relative loss values for guides coated at varying speeds, and heat treated at various temperature are shown in Fig. 6 . It is clear that solution over-cladding can be used to reduce the optical loss of lithographically defined planar ChG waveguides. It is interesting to note that the loss systematically increases if the thickness of the coating is decreased, or the heat treatment temperature is increased, despite similar roughness values for all coated guides. Because the refractive index of solution-derived films has been shown to increase with higher heat treatment temperatures, this suggests that there are two mechanisms for the loss reduction. The first mechanism is through roughness reduction, while the second is through the increase of waveguide cross-sectional dimensions and hence reduced optical mode overlap with the sidewalls. It is also interesting to note that the TE polarization exhibits lower loss than the TM polarization in the coated waveguides. As the TE mode in HIC waveguides is typically far more susceptible to roughness scattering than the TM counterpart, the experimental observation suggests that sidewall roughness scattering is becoming insignificant in the overall loss contribution. Design of an optimized overlayer coating thickness and heat treatment procedures may lead to application of this technique with improved loss values compared to those found in this non-optimized study, which is promising for future low-loss IR photonics applications.
Direct fabrication of waveguides using solution-based methods
It has been recently demonstrated that ChG waveguides can be fabricated directly using solution-based methods [33] , which has the potential to simplify processing of devices. Unfortunately, the existing capillary flow technique [33] does not allow the fabrication of isolated structures such as disk and ring resonators, which have proven to be critical for achieving low detection limits and high sensitivity in planar optical sensor platforms [1] [2] [3] [4] . Alternative methods, such as ink-jet printing [34] and micro-contact printing [35] may have the potential to fabricate such geometries, but printing techniques do not currently allow sufficient pattern fidelity to achieve low-loss structures, and all of the above techniques suffer from the need for good wetting of the glass solution to the mold and substrate materials, limiting the choice of the solution chemistry [33] . Proposed here is an alternate softlithograpy [36] technique that may remedy these drawbacks, known as capillary force lithography (CFL) [37] , which is illustrated in Fig. 7 . In this technique, a thin film is first formed by spin-coating onto a glass or semiconductor substrate. A PDMS mold is then applied to the surface of the film, and the system is exposed to elevated temperatures in order to allow viscous flow. When the mold is removed from the film at room temperature, the inverse of the pattern in the mold is retained in the film. This is similar to commonly used embossing methods, wherein a mold is pressed against the surface of the film and increased temperature is used to allow the film to flow. In this case however, the mold is applied to the surface during the natural heat treatment process used to remove solvent from the solution-derived film after spin-coating [32] , preventing the use of additional high-temperature processing steps and avoiding potential thermal stability concerns.
As a proof of concept, a grating has been prepared by first casting a PDMS stamp on the surface of a standard re-writable compact disk (CDRW). This created a mold with a sinusoidal grating pattern with a 200 nm line height and 2 µm pitch. The mold was then applied to a 500 nm thick As 2 S 3 film which was heated to near its T g (210 °C) and held for a period of 30 minutes before being cooled to room temperature. Figure 8 presents AFM surface profiles of the resulting grating. It was found that CFL gratings formed in As 2 S 3 near T g show relatively high surface roughness, which has been attributed to phase separation and crystallization of realgar (As 4 S 4 ) from the film (confirmed using XRD). In order to demonstrate the utility of solution-based fabrication for decreased surface roughness, the same procedure was repeated for solutionderived films, and the mold was applied either during the initial soft-bake (1 hr at 90°C under N 2 ) or during the hard-bake (1 hr 150 °C under vacuum) heat treatment. AFM surface scans for low-temperature CFL gratings are shown in Fig. 9 . From the figure, it is clear that the surfaces of the low-temperature CFL gratings are significantly less rough. RMS surface roughness was found to decrease from 23 nm with CFL at 210°C to 1.3 and 0.9 nm when CFL was performed on solution-derived films at 90 and 150 °C respectively. The occurrence of viscous flow at temperatures well below the T g of the corresponding bulk glass suggests that residual solvent molecules present in the film depolymerize the glass network, leading to lower viscosity at a given temperature. The fact that the mold surface is precisely duplicated even at such low temperatures demonstrates the potential of capillary force lithography for the direct fabrication of low-roughness ChG planar devices even for low-stability compositions. Because many devices can be created from each mold, and many PDMS molds from each master, there is great potential for large-scale and rapid fabrication of complete devices. It should also be noted that these patterns covered relatively large areas (25 mm diameter) and the solvent evaporation was found to be equally complete at the center and edge of the grating, suggesting that solvent evaporates through the PDMS mold by diffusion, rather than along the grating lines. This observation supports the idea that this technique is not limited to small gratings or waveguides. Complex geometries such as micro-lens arrays and resonators can also theoretically be reproduced over large areas, provided that the mold design can mechanically support the necessary aspect ratio, and a film of sufficient thickness is first deposited. A complete study comparing the optical loss of liftoff waveguides and resonator systems to their CFL counterparts is currently ongoing.
Leveraging photosensitivity for post-fabrication trimming
High photosensitivity in the visible spectrum is a well-known and widely used property of ChGs [38] [39] [40] [41] [42] , and solution-derived ChG films have recently been shown to exhibit photosensitivity similar to that of traditional thermally evaporated films [43] [44] [45] . The absorption of light with near-band gap energy produces local modifications of the atomic structure of the glass and therefore to its optical properties, i.e. electronic band gap and refractive index [46] . The magnitude and sign of these photoinduced changes, as well as their thermal reversibility are highly dependent on the chemical composition and the fabrication process of the specific glass as well as the exposure conditions [47, 48] .The photoinduced refractive index change Δn of chalcogenide materials can be exploited to directly write optical planar waveguides [49] , Bragg gratings [50] or photonic crystal cavities [51] . Besides these, the opportunity for large induced index variation (up to 4 × 10 2 ) [46] using low illumination intensities as well as the flexibility and the simplicity of the principle make photosensitivity in ChG-based integrated devices a promising tool for a variety of novel applications.
For instance, in order to achieve target specifications for desired functionalities, integrated optical circuits require a high degree of accuracy, uniformity and reproducibility in the definition of the geometric and optical parameters of the waveguides. These requirements become even more challenging when resonant structures based on micro-rings, micro-disks, or photonic crystals are exploited to make compact, sensitivity-enhanced and highly selective devices for filtering and sensing applications. The capability to realize a post-fabrication permanent trimming of both the local and global properties of photonic devices is therefore highly attractive.
The irradiation of resonant structures allows tuning of the working wavelength or the optimization of its local parameters for different applications. This enables lower acceptable fabrication tolerances, by permitting post-fabrication reconfiguration of the optical components. In contrast to other previously investigated tuning and trimming techniques, such as thermo-optic effects [52, 53] , liquid crystal or micro-fluidic channel integration [54, 55] , post-process chemical treatments [56] or mechanical deformation [57] , the photosensitivity approach does not require additional fabrication steps and enables local control of the refractive index over an area down to micrometer scale. Initial results regarding the tuning of an As 2 S 3 resonant device made by two directly coupled micro-ring resonators are presented here. The scheme of this device, realizing a second order optical filter, is shown in Fig. 10(a) . Despite its simplicity, this structure already includes the critical attributes of more complex coupled-resonator devices employed in advanced applications [58] . When the two rings have the same resonance wavelength, λ R1 = λ R2 = λ R , i.e. when their optical length is exactly the same, an optical signal incoming from the input port (In) is transmitted to the output port (Out) only if its wavelength matches the resonance wavelength of the rings; otherwise, the input signal continues propagating in the input bus waveguide [59] . A careful design of the power coupling coefficients between the rings and between each ring and the bus waveguide allows the shaping of a flat pass-band with the desired width and extinction ratio [60] . As an example, the blue solid curve in Fig. 10(b) shows the theoretical spectral response of an ideal double-ring filter with free spectral range FSR = 1 nm and bandwidth B = 0.25 nm.
Typically λ R1  λ R2 due to unavoidable fabrication imperfections and the resulting spectral response is quickly distorted, strongly affecting device functionalities. The black dashed line in Fig. 10(b) shows the theoretical device spectral response for a wavelength shift Δλ R = λ R1 -λ R2 = 0.3 nm, corresponding to one-third of the spectral periodicity. Deep in-band ripples, reduced transmission, bandwidth broadening and extinction ratio reduction are clearly visible phenomena.
To underscore how demanding this issue can be, it should be recalled that the relative wavelength shift Δλ R / λ R = Δn / n g = ΔL r / L r , where n g is the group refractive index (typically n g = 2.48 for As 2 S 3 waveguides) and L r is the geometrical length of the ring. A resonance wavelength error of Δλ R = 0.3 nm means an error in the ring length of only ΔL r = 180 nm or, more challenging, a refractive index error of Δn = 5 × 10 4 . As n g varies with the width of the guide, this corresponds to a waveguide width error of only Δw = Δn (δw /δn g ) 2.5 nm (as δn g / δw is typically in the order of 2 × 10 4 nm 1 ). This value is well below the typical technological tolerances guaranteed by the fabrication process, as discussed in Sec. 2.2.
To demonstrate the use of post fabrication trimming, two-ring As 2 S 3 filters were fabricated with bending radius R = 100 μm and coupling straight sections with a L s = 150 μm, providing FSR = 130 GHz (corresponding to 1.04 nm); employed strip waveguides are 450 nm high and 800 nm wide, with an estimated n g = 2.48 and are realized using the method described in [4] ; coupling sections have all the same gap size (700 nm), while the desired coupling coefficients are obtained by shifting the rings, as shown in the photograph of Fig. 11(a) . The measured spectral response of the as fabricated device, which is shown as a black dashed line in Fig. 11(b) , suffers from a relative detuning of the rings' resonance wavelengths of about Δλ R = 0.35 nm. Therefore, the ChG glass photosensitivity was used to tune the resonant wavelength of the rings, compensating for the fabrication inaccuracies. According to the scheme in Fig. 11(a) , the ring (R1) with the lowest resonance wavelength λ R1 was illuminated by a halogen lamp through a rectangular aperture in a mask, while the rest of the surface of the chip was shadowed. The rectangular aperture has a minimum size of 100 μm and was mounted on a 3-axis micro-positioning stage. In this way, selective change of the refractive index is induced in ring R1 only, in order to finely tune its resonance wavelength up to that of the other resonator. The halogen lamp has an intensity of 0.3 mW/cm 2 , with most of the emission spectrum lying in the visible region from 450 nm to 650 nm.
The progressive red-shift of λ R1 from the initial condition (black dashed line) to the tuned condition λ R2 = λ R1 (blue solid line) is reported in Fig. 11 (b) (Media 1). After exposure, the device shows a flat pass-band with a band width of 32.5 GHz and an extinction ratio of about 20 dB, in good agreement with design specifications and the ideal response reported in Fig. 10(b) . It should be noticed that the photoinduced trimming does not induce any additional observable loss, demonstrating the great potential of this approach.
Once the desired shape of the spectral response is recovered, photosensitivity can be further exploited to finely adjust the working wavelength of the device, as previously demonstrated in distributed feedback lasers [61] and in photonic crystals [62] . The control of the absolute spectral position is indeed a fundamental issue in many applications, not only in sensing, but also, for instance, in the optical communication field. To this purpose, a "rigid" spectral shift of the filter response is required. By removing the aperture and completely illuminating the device, the refractive index was simultaneously changed throughout the whole circuit. Experimental results are shown in Fig. 12(a) (Media 2) . The transfer function is progressively red-shifted, in less than 4-minute exposure, from the initial position (black dashed line) over a full FSR, i.e. over 1 nm wavelength range (blue solid line), without any visible distortion or performance degradation. Moreover, after the trimming process, the spectral response remains stable in time. The device was stored in dark and measured again after one week to check the spectral drift. Experimental results shown in Fig. 12(b) demonstrate that there are no significant differences between the spectral response measured at the end of the exposing cycles (black dashed line) and one week later (blue solid line). The illumination of the whole device was then allowed to proceed over 20 FSRs, corresponding to an overall wavelength shift of 20 nm and to a variation of the waveguide effective index of 3.2 × 10 2 . Neither spectral distortions nor saturation effects were observed until that point. The trimming velocity can be easily controlled by varying the light intensity. In these experiments a maximum rate of 0.25 nm/minute was achieved with a light intensity of 2 mW/cm 2 , reducing in this way the trimming time of the devices.
Conclusions
This work has demonstrated several ways in which the unique properties of chalcogenide glasses, often seen a drawbacks, can be used to achieve unique applications. The low glass transition temperatures of ChGs, when combined with their high thermal stability against crystallization, allows thermal reflow of planar optical waveguides. Thermal reflow was shown to decrease residual surface roughness, and thereby optical loss. The achievement of such low loss figures is crucial to the development of high-sensitivity optical sensors. The solubility of these materials in alkaline conditions allows for the production of IRtransparent thin films from non-aqueous amine-based solvents. The application of solution derived coatings allows for alternate route to roughness and loss reduction even in compositions that display low thermal stability. Additionally, solution processing allows for the direct fabrication of complex optical structures using capillary force lithography in a single step, without the need for high-vacuum processing. This simple and rapid technique offers the potential for rapid large-scale production.
The photosensitivity of chalcogenide glasses allows for a permanent refractive index change achieved using visible light exposure. In As 2 S 3 glasses, no relaxation effect was observed within a time scale of several weeks in experimental devices. This can be usefully exploited for post-fabrication trimming of optically resonant devices for a broad range of applications, in order to compensate for local fabrication imperfections and to finely adjust the working wavelength of photonic devices enabling reduced component cost with enhanced their performance. Post-processing refinement alleviates the need for restrictively tight fabrication tolerances, and may benefit many applications in telecommunications and optical sensing.
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